In this paper, the synchronization control of a non-autonomous Lotka-Volterra system with time delay and stochastic effects is studied. The purpose is to firstly establish sufficient conditions for the existence of global positive solution by constructing a suitable Lyapunov function. Some synchronization criteria are then derived by designing an appropriate full controller and a pinning controller, respectively. Finally, an example is presented to illustrate the feasibility and validity of the main theoretical results based on the Field-Programmable Gate Array hardware simulation tool.
described as follows [11] :
where x i (t)(> 0) denotes the density of the ith species at time t, ω i (t), 1 ≤ i ≤ n are independent standard Brownian motions, and r i , a ij , b ij , σ i are nonnegative. In mathematical ecology, Eq. (1) describes an n-species predator-prey system in which individuals compete with each other. Some related work on the dynamical of predator-prey system has been presented based on the model (1) . In Ref. [11] , a global positive solution, stochastic permanence and extinction were discussed. In Ref. [12] , the sufficient conditions for the existence of global positive solutions were obtained based on the LV model with random perturbation. Sufficient and necessary conditions were established for persistence and extinction of the systems under the condition of Lévy noise [13] . Reference [14] studied the positivity and the global stability of nontrivial solutions based on the Euler-Maruyama scheme for a twodimensional model of stochastic predator-prey interactions. Reference [15] discussed a novel LV system with infinite delay and feedback control through Lyapunov functionals and a new analysis technique.
Up till now, a great deal of research effort has focused on the LV model (such as Refs. [16] [17] [18] [19] ). To the best of our knowledge, the synchronization control problems for the stochastic LV system have not yet been studied much. In fact, synchronization control problems can be found in almost everywhere in the real world. For example, in order to protect endangered species, we can design a reasonable optimal control strategy and adopt synchronous control to achieve effective animal protection. As is well known, a linear feedback control technique was used to control the LV model, and the Lyapunov direct method is used to synchronize two models [20] . In Ref. [21] , a predator-prey model was established with Allee effect and seasonally forcing, and was controlled to follow a reference model by a synchronization approach.
However, it still remains a big challenge to deal with the LV system with delay and stochasticity. In the past few years, the synchronization control problems for complex networks have drawn much attention of researchers on the neural network, genetic regulatory networks and social networks [22] [23] [24] [25] . This helps us to study the synchronization control problem for population systems based on LV models. At the same time, we will present a calculation example based on the Field-Programmable Gate Array (FPGA) hardware tool, which can work with the data faster and more efficiently.
In this paper, we study a stochastic delayed LV system with a control term. The structure of this paper is as follows. The model description and preliminaries are formally presented in Sect. 2. Some synchronization criteria are derived by the full controller and pinning controller, respectively, in Sect. 3. An example is presented to demonstrate the validity of the proposed methods based on the FPGA hardware tool which can deal with the data faster and more efficiently in Sect. 4. Finally, the conclusion is drawn in Sect. 5.
Notations: Throughout this letter, let (Ω, F , {F t } t≥0 , P) be a complete probability space with a filtration {F t } t≥0 satisfying the usual conditions (i.e., it is increasing and right continuous while F 0 contains all P-null sets); ω i (t) stands for the independent standard Brownian motions defined on this probability space; R n + is the positive cone in R n , where has R n + = {x ∈ R n : x i > 0 for all 1 ≤ i ≤ n}; τ > 0 and C([-τ , 0]; R n + ) denotes the family of continuous functions from [-τ , 0] to R n + .
Model formulation and preliminaries
The stochastic LV model with time delay studied in this paper can be given by
where
Let the target model and the designed control law be
and
where k i is a constant.
The aim of this paper is to show that synchronization between model (2) and the target model (3) in Sect. 2 by designing effective controllers. Different from some existing results, we discuss the synchronization problem. When model (3) gets stochastic persistence, model (2) will also reach stochastic permanence. These results may certainly help to protect endangered animals and plants. As another innovation, we give a control variable, which precisely provides optimal control strategies.
With the help of Itô's formula, calculating the stochastic derivative of d(log x i (t)) to (5), one has
Similarly, apply Itô's formula to (3) d log y i (t) = r i (t) -
Then
Throughout this paper, the following assumptions and lemmas will be used.
Lemma 2.1 Under Assumptions 2.1 and 2.2, for any given initial value
, there is a unique solution x(t) to model (2) , which will remain in R n + with probability 1, namely x(t) ∈ R n + for all t ≥ -τ almost surely (a.s.).
Proof Since the coefficients of the equation are locally Lipschitz continuous, for any given initial value
where τ e is the explosion time. To show this solution is global, we need to show that τ e = ∞. Let k 0 > 0 be sufficiently large for
For simplicity, let inf φ = ∞ (φ denotes the empty set), the sequence τ k is monotonically increasing. Let τ ∞ := lim k→∞ τ k , τ ∞ ≤ τ e . It suffices to show that τ ∞ = ∞ a.s. If this were false, there would exist T > 0 and ε > 0 such that P{τ ∞ ≤ T} > ε. Therefore we could find some k 1 ≥ k 0 such that P{τ k ≤ T} > ε for all k ≥ k 1 . Consider the Lyapunov function
where K is a positive constant. Based on the above analysis, note that, since λ ii > 0 for each i, the function -
Taking the mathematical expectation of both sides of (10) yields
It follows that
Note that ν ∈ {τ k ≤ T}. There are some i such that
Combining (11) with (12), the following inequality holds:
This leads to a contradiction as k → ∞. Therefore, τ ∞ = ∞ a.s. (2) and (3) are said to reach synchronization if, for any given initial conditions, the solutions of Eqs. (2) and (3) satisfy lim t→∞ |x i (t)y i (t)| = 0, for all 1 ≤ i ≤ n.
Definition 2.2
The systems (2) and (3) are said to reach partial synchronization if, for any given initial conditions, the solutions of systems (2) and (3) satisfy lim t→∞ |x i (t)y i (t)| = 0, for all 1 ≤ i ≤ l < n.
Consider the n-dimensional stochastic differential equation
To proceed with the analysis, the nonlinear functions are assumed to satisfy the condition given below, which is presented in [9] :
(A) For any initial value, Eq. (13) has a unique solution. Moreover, for every h > 0, there is a K h > 0 such that |f (x(t), t)| ∨ |g(x(t), t)| ≤ K h , for all t ≥ 0 and x ∈ R n with |x(t)| ≤ h.
Lemma 2.3 ([12]) Let condition (A) hold. Assume that there exist three functions
Then Ker(ϕ) = φ and lim t→∞ d(x(t, x(0)), Ker(ϕ)) = 0 a.s. for every x(0) ∈ R n .
Main results
In this section, we derive some synchronization schemes by using the full controller and pinning controller, respectively. (4), for any given initial conditions, system (2) synchronizes with the target model (3) .
Theorem 3.1 Under Assumption 2.3 and control law
Proof The proof is divided into two steps.
Step 1. According to Eq. (7), we can obtain
Consider the Lyapunov functionV (t) defined bȳ
A direct differential ofV (t) along the ordinary differential equation (8) leads to
where = min 1≤i≤n inf t∈[0,+∞) (a ii (t)k i -n j=1,j =i a ji (t)) > 0. Integrating from 0 to t on both sides of (16), we havē
Let t → ∞, the following inequality is obtained:
Moreover, we also have
Step 2. Define e(t) = x(t)y(t). Clearly, e(t) ∈ C(R + , R). It is straightforward to obtain from (16) 
Now we claim that lim t→∞ |e(t)| = 0 a.s. The following proof is similar to Theorem 6.2 in [12] , so it is omitted.
Remark 1 Generally speaking, stochastic permanence of the population system has certainly significance for the endangered treasure species, which has stirred great research attention [26] [27] [28] [29] [30] . However, this is the first time to present some theoretical results on the asymptotically synchronization for the stochastic LV model. Moreover, in addition, the proposed results can be viewed as an extension of those in [31] [32] [33] [34] [35] .
To study the synchronization problem of extinction, let us impose one more hypothesis. 
Proof It is obvious that model (5) satisfies (A). By the Itô formula, one has
Define W i (t) = e -k i t 0 (r i (s)-
. Under Assumption 3.1, V ∈ C 2,1 (R n ×R + ;R + ) and lim |x|→∞ inf t∈[0,+∞) V (x, t) = ∞. There exists a positive constant Q i such as W i (t) ≥ Q i . As it follows from Itô's formula, we have
where δ i = inf t∈[0,+∞) (a iik i ) > 0. Under Assumption 2.3, it is easy to have, therefore,
With the help of Lemma 2.3, (20) is obtained. To achieve partial synchronization, the control input u i (t) can be designed as 1, 2, . . . , l, u i (t) = 0, i = l + 1, l + 2, . . . , n.
Accordingly, the model (2) can be rewritten in the following form:
For Eq. (24), it is difficult to achieve synchronous control. At this point, we can only guarantee partial synchronization, and Assumption 2.3 is modified as
Then, using the same idea as in Theorem 3.1, we obtain the following theorem.
Theorem 3.2 Under (25) and control law (23) , for any given initial conditions, model (2) partially synchronizes the target model (3) .
Remark 2 It is natural to consider the pinning control method to realize synchronization of systems (3) and (24) via control of partial species instead of all species, which can effectively reduce control cost, especially in limited energy systems. In addition, it shows practical significance.
An illustrative example
In order to verify the effectiveness of the theoretical results, we will present one numerical example in this section. Consider the stochastic model (2) with three populations (n = 3), where the system is described by
with r(t) = (3t 5 , 4t 5 , 4t 5 ), σ (t) = (0.3t ), τ = 0.3, and initial state x(t) = (e -1.5 , e -0.6 , e -1 ), y(t) = (e -1 , e -0.5 , e -0.8 ).
It can be checked that Assumptions 2.1-2.3 and 3.1 are satisfied with d i = -2, c i = 8T 5 + 3T (i = 1, 2, 3), k = (0.007, 0.006, 0.017), Based on the current mainstream Xilinx ZYNQ series of FPGA chips, we have built our system in a hardware way. The hardware system diagram is shown in Fig. 1 The hardware resource consumption of the system is shown in Table 1 . 
Conclusions
In this paper, the synchronization control problem for a non-autonomous LV system with time delay and stochastic effects was analyzed by the stochastic technique and Lyapunov stability theory. The full controller and pinning controller have been designed, respectively. Synchronous control of population is meant to achieve the expected extent of the population. This has certainly significance for the endangered treasure species. The proposed model can achieve stochastically permanent synchronization. Further, the synchronization problem of extinction was studied. Moreover, through the FPGA hardware tool, the speed of simulation processing was improved to meet the needs of the real-time world with massive data in the era of big data. This will be a challenging task in the next work.
